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Excited states in the neutron-rich N = 38, 36 nuclei 60Ti and 58Ti were populated in nucleon-
removal reactions from 61V projectiles at 90 MeV/nucleon. The γ-ray transitions from such states
in these Ti isotopes were detected with the advanced γ-ray tracking array GRETINA and were
corrected event-by-event for large Doppler shifts (v/c ∼ 0.4) using the γ-ray interaction points de-
duced from online signal decomposition. The new data indicate that a steep decrease in quadrupole
collectivity occurs when moving from neutron-rich N = 36, 38 Fe and Cr toward the Ti and Ca
isotones. In fact, 58,60Ti provide some of the most neutron-rich benchmarks accessible today for
calculations attempting to determine the structure of the potentially doubly-magic nucleus 60Ca.
One of the main goals of nuclear physics is the devel-
opment of a predictive model for the properties of all
nuclei, including the shortest-lived species in as yet un-
explored regions of the nuclear chart. This is important,
for example, in the quest to understand the origin of
the elements in the Universe since many nucleosynthesis
processes involve nuclei far removed from the valley of
β stability. One of the cornerstones in the description
of nuclear properties is nuclear shell structure – whereby
discrete nucleon single-particle orbitals are clustered in
energy, resulting in stabilizing energy gaps occurring for
certain “magic” proton or neutron numbers. Doubly-
magic nuclei, with both proton and neutron magic num-
bers, are particularly important for the development of
nuclear models as they serve as essentially inert cores,
reducing the many-body problem to that of the set of
“valence nucleons” outside this core. However, modifi-
cations of shell structure have already been observed in
short-lived nuclei with extreme neutron-to-proton ratios,
with new shell gaps developing and some of the canonical
magic numbers disappearing [1–4]. Considerable exper-
imental and theoretical efforts are aimed at describing
the physics driving such changes which are revealed most
clearly on the neutron-rich side of the nuclear chart.
Data for chains of proton-magic isotopes and regions
of rapid shell evolution offer (complementary) challeng-
ing tests of nuclear models, allowing changes in nuclear
structure to be tracked as a function of isospin and pro-
viding demanding benchmarks for calculations incorpo-
rating new physics effects. The chain of Ca isotopes (with
magic proton number Z = 20) and the region of neutron-
rich nuclei near N = 40, which are subject to rapid shell
and shape changes [5–9], coincide at 60Ca. In addition
to the first spin-orbit-driven neutron sub-shell closure at
N = 28 48Ca, the neutron-rich Ca isotopes exhibit two
additional sub-shell gaps at N = 32 [10] and N = 34 [11],
attributed in part to the action of the monopole parts of
the proton-neutron tensor force in the regime of large
neutron excess [12, 13].
Nothing is known experimentally about the properties
of the most neutron-rich N = 40 isotones 62Ti and 60Ca.
While the existence of 62Ti has been established [14],
60Ca has not yet been observed. In fact, the position of
the neutron drip line in Ca appears to depend sensitively
on both the location of the neutron 1g9/2 orbital, which
starts to be filled at N = 40 in 60Ca, and on a variety of
correlations and many-body effects [15, 16]. Calculations
with realistic two- and three-body forces [17, 18] predict
the neutron drip line to be located around 60Ca, while
many mean-field and density-functional theories have the
Ca isotopes (at least those with even A) bound out to
A = 68 − 76 [19]. The relativistic continuum Hartree-
Bogoliubov approach of Meng et al. [15] has the neu-
tron 1g9/2 and 3s1/2 orbitals unbound, but correlation
2effects, predominantly pairing, bind even-A Ca out to
A = 72, while the SkM∗ Skyrme functional has the neu-
tron 1g9/2 orbital bound and predicts the Ca drip line to
be at A = 70 [15]. Clearly, information on the structure
of neutron-rich nuclei with A ≈ 60 is important to help
benchmark modern calculations which differ in their pre-
diction of the location of the Ca drip line by more than 10
mass units. The calculations of Ref. [20] suggest that the
regime of weak binding applying to 60Ca leads to intrigu-
ing consequences such as the presence of a halo structure
and of two Efimov states in 62Ca.
The first spectroscopy of 60Ti and the identification
of new γ-ray transitions in 58Ti are reported here.
At present, 6022Ti38 is probably the nucleus closest to
62
22Ti40 and
60
20Ca40 that can be studied until next-
generation rare-isotope facilities come online. The mea-
surements were enabled by the luminosity inherent to
fast fragmentation-beam measurements [3] and the ef-
ficiency and spectral quality provided by the advanced
γ-ray tracking array GRETINA [21].
Excited states in the neutron-rich Ti isotopes were
populated in the 9Be(61V,58,60Ti+γ)X nucleon removal
reactions at 90.0 MeV/u at the Coupled Cyclotron Fa-
cility at NSCL. The 61V ions were produced from a 140-
MeV/u primary 82Se beam impinging on a 423-mg/cm2
9Be production target, and were separated using a 240-
mg/cm2 Al degrader in the A1900 fragment separa-
tor [22]. The momentum acceptance of the separator
was restricted to 3%, yielding typical on-target rates of
15 61V/s. About 10% of the secondary beam was 61V,
with 62Cr (32%) and 64Mn (45%) being the most intense
other components.
The secondary 9Be reaction target (376 mg/cm2 thick)
was located at the target position of the S800 spec-
trograph [23]. Reaction products were identified on
an event-by-event basis at the instrument’s focal plane
with the standard detection system [23]. The particle-
identification spectrum for 58,60Ti produced from incom-
ing 61V ions is presented in Fig. 1. The spectrograph
was centered on the 60Ti one-proton knockout residues
while the 58Ti momentum distribution was cut by the
S800 acceptance. The inclusive cross section for one-
proton knockout from 61V to 60Ti was measured to be
σinc = 7.9(7) mb.
The high-resolution γ-ray detection system
GRETINA [21], an array of 36-fold segmented high-
purity Ge detectors, was used to measure the prompt
γ rays emitted by the reaction residues. The seven
GRETINA modules – with four crystals each – were
arranged in two rings. Four modules were located at 58◦
and three at 90◦ with respect to the beam axis. Online
signal decomposition provided γ-ray interaction points
for event-by-event Doppler reconstruction of the photons
emitted in-flight at v/c = 0.4. The information on the
momentum vector of projectile-like reaction residues,
as reconstructed from ray-tracing through the spectro-
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FIG. 1: (Color online) Identification spectrum for the reac-
tion residues produced in 9Be(61V,ATi)X at a 90-MeV/u mid-
target energy. All reaction residues are unambiguously iden-
tified by their energy loss, measured in the S800 ionization
chamber, and their time of flight.
graph, was incorporated in the Doppler reconstruction.
Figure 2 presents these Doppler-reconstructed spectra
for 58Ti and 60Ti with addback included [24]. The high
peak-to-background ratio enables spectroscopy to be
performed at the low levels of statistics that are inherent
to investigations of the most exotic nuclei.
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FIG. 2: Doppler-reconstructed γ-ray spectra in coincidence
with 58,60Ti reaction residues. The indication of a transition
doublet in 60Ti is shown as an inset in the lower panel.
In 58Ti, in addition to the previously known 2+1 → 0
+
1
transition at 1047(4) keV [25, 26], two additional γ rays
could be identified at 991(4) keV and 619(5) keV. The
reaction to 58Ti is not a direct process and, typically, the
population of yrast states is favored in such fragmenta-
tion processes. Thus, based on the observed intensity
pattern, the 991-keV γ ray is tentatively assigned as the
4+1 → 2
+
1 decay and it is suggested that the 619-keV
line corresponds to the 6+1 → 4
+
1 transition. Evidence
for the coincidence between the 991- and 1047-keV γ
rays is discussed below. The inset shows that the two
3shell-model effective interactions for this region of the
nuclear chart, LNPS [16] and GXPF1A [27], describe the
proposed level scheme well although the neutron model
spaces differ significantly with GXPF1A restricted to the
neutron fp shell and LNPS including the neutron d5/2
and g9/2 orbitals in addition. The agreement is good
with both interactions, suggesting that incorporating the
1g9/2 and 2d5/2 neutron orbitals may not be critical, in
agreement with conclusions presented in [26]. Note, that
the present spin assignments are consistent with the fact
that the 991- and 619-keV transitions were not observed
by [26], since 4+ and 6+ states are not expected to be
populated strongly in inelastic proton scattering.
In 60Ti, a peak structure at 860 keV is observed on
top of very little background. One-proton knockout is a
direct reaction with sensitivity to the single-particle de-
grees of freedom and it offers insight into the overlap in
structure between the projectile ground state and the fi-
nal states populated in the knockout residue [28]. The
partial cross section to an excited final state is deter-
mined from the efficiency-corrected peak area relative to
the number of knockout residues. A GEANT4 simulation
of the GRETINA setup [29], that reproduced the inten-
sity of standard calibration sources, was used to model
the in-beam full-energy peak efficiency of the detector ar-
ray, including the Lorentz boost. The simulated in-beam
efficiency was employed to extract intensities from the
peak areas in 60Ti. Assuming that the peak structure
in 60Ti corresponds to a single transition then implies
that 111(12)% of the knockout proceeds to the state de-
populated by this 860-keV transition and that there is
essentially no population of any other final state in 60Ti.
For a nucleus bound by more than 5 MeV, this scenario
appears to be rather unlikely.
In fact, the asymmetric peak shape at 860 keV sup-
ports the presence of a doublet (Fig. 2, inset). Analy-
sis as a doublet suggests the presence of two γ rays at
850(5) keV and 866(5) keV, presumably corresponding
to the 2+1 → 0
+
1 and 4
+
1 → 2
+
1 transitions in
60Ti, associ-
ated with 40(10)% population of the 4+1 state, 30(11)%
of the 2+1 level and 29(12)% of the ground state and un-
observed levels not feeding the proposed 2+1 or 4
+
1 states.
GRETINA’s γγ coincidence capability supports further
examination of the proposed doublet. Figure 3(a) pro-
vides the total projection of the coincidence matrix for
60Ti (upper panel) and the spectrum gated on the 860-
keV peak (lower panel). Clearly, a peak in the same
region (self-coincidence) and a corresponding Compton
edge between 600-700 keV are visible. Similarly, in
Fig. 3(b), the projection of the 58Ti γγ coincidence ma-
trix is given (upper panel) as is the spectrum with a
coincidence condition on the 991-keV transition (lower
panel). No self-coincidence events are visible; instead
the 1047-keV γ ray appears, confirming the 991-1047-
keV cascade. Thus, the self-coincidence of the 860-keV
peak structure is evidence for a coincident doublet of γ-
ray transitions in 60Ti.
Knockout calculations can be used for further guid-
ance. The ground-state spin of 61V is not known experi-
mentally. Shell-model calculations with the LNPS effec-
tive interaction predict a 3/2− ground state, in agree-
ment with β-decay results [30]. The GXPF1A effec-
tive interaction [27], which does not include the poten-
tially important neutron d5/2 and g9/2 orbitals, predicts
a 7/2− ground state with excited 5/2−1 and 3/2
−
1 levels
within 400 keV. Using the one-nucleon knockout formal-
ism detailed in [31], the GXPF1A and LNPS spectro-
scopic factors with respect to the ground state of 61V,
and assuming a reduction factor of Rs ≈ 0.5 at a nu-
cleon separation energy difference of the projectile of
Sn − Sp ≈ −10 MeV [31], the partial cross sections
to bound final states in 60Ti are calculated and con-
fronted with experiment in Fig. 4. For the LNPS ef-
fective interaction, the calculated inclusive cross section
agrees with the measurement, while the GXPF1A calcu-
lation predicts a slightly higher cross section. From the
GXPF1A calculation, four excited levels, 4+1 , 2
+
2 , 4
+
2 , and
6+1 , should be populated strongly. There is no evidence in
the spectrum for additional strong γ rays that would cor-
respond to the respective transitions. Note that assum-
ing a 5/2− or 3/2− ground state within the GXPF1A
calculations always results in the strong population of
three or more excited states, corresponding to the pres-
ence of several strong γ-ray transitions in addition to the
2+1 → 0
+
1 and 4
+
1 → 2
+
1 decays (e.g. the 6
+
1 → 4
+
1 ,
2+2 → 2
+
1 , or the 4
+
2 → 4
+
1 transitions). With LNPS, the
single-particle strength distribution resembles the data
with the majority of the cross section carried by the 2+1
and 4+1 states. Discrepant is the 29(12)% population de-
duced for the ground state by subtraction. However, the
experimental strength to the ground state will also in-
clude unobserved feeding from higher excited levels that
bypass the 2+1 and 4
+
1 states and will act as a funnel
for a fraction of the strength predicted to be fragmented
over higher-lying states. Unlike for the 60Ti excitation
energies, which do not signal a clear difference between
the predictions for the different model spaces, the spec-
troscopic strengths clearly indicate that the neutron d5/2
and g9/2 orbitals are important for the description of the
overlap of the 61V ground state with the final-state wave
functions in 60Ti.
Over the past decade, with advances in nuclear exper-
iment, the neutron-rich Cr and Fe nuclei around N = 40
were found to be strongly deformed, presenting a chal-
lenging testing ground for the theoretical modeling of
shell evolution. The next experimental and theoretical
key benchmark is the understanding of the neighboring
N = 2Z nucleus 60Ca. As shown in Fig. 1 of Ref. [16],
the N = 40 shell gap computed with the LNPS inter-
action vanishes as Z = 20 (calcium) is approached, and
the ground state of 60Ca is dominated by four-particle
four-hole (4p4h) neutron excitations from the pf shell
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FIG. 3: (Color online) Projections of the 60,58Ti γγ coinci-
dence matrices, nearest-neighbor addback included [24] (up-
per panels) and gated coincidence spectra (lower panels): (a)
60Ti – the gate on the 860-keV peak returns a self-coincidence
and Compton edge; (b) 58Ti – the gate on the 991-keV
transition shows no self-coincidence and returns the peak at
1047 keV, consistent with a 1047-991-keV cascade.
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FIG. 4: (Color online) Calculated and measured partial cross
sections to final states in 60Ti using GXPF1A and LNPS spec-
troscopic factors and the procedure outlined in the text. The
experimental cross sections to the 2+1 and 4
+
1 states were de-
duced from the γ-ray intensities and the 0+1 population re-
sults from subtraction. The so determined strength consti-
tutes 29(12)%, 30(11)% and 40(10)% population of the 0+1 ,
2+1 and 4
+
1 states, which will include unobserved feeding from
higher-lying states that could not be observed due to the lack
of statistics (In Fig. 2, about 8 counts should be seen in the
60Ti spectrum per 1 mb at 1.5 MeV).
into the g9/2-d5/2 orbitals (Table I in [16]). However, the
shell-model extrapolation of single-particle energies is of-
ten not accurate [32], perhaps due to the lack of inclusion
of three-body forces. Another approach would be to use
Hartree-Fock or Energy-Density-Functional (EDF) cal-
culations to estimate the N = 40 sub-shell gap. The 12
CSkP Skyrme functionals, used in [33], give a shell gap
between the neutron f5/2 and g9/2 orbitals varying be-
tween 3 and 4 MeV at Z = 20. If the shell gap were this
large, the ground state of 60Ca would be dominated by
0p0h rather than 4p4h configurations. Clearly, the size of
the N = 40 shell gap is crucial for the properties of nuclei
in this region. Collective nuclei, such as 64Cr, are in the
“island of inversion” [16] because of strong quadrupole
correlations for both protons and neutrons. With a large
shell gap, there would be a dramatic change from a de-
formed to a spherical shape as one approaches Z = 20,
since the protons encounter a spin-orbit (LS) closed shell
with no available low-lying proton quadrupole excita-
tions.
Shell-model calculations with the LNPS interaction
provide a good description of the data in this region.
In the case of 60Ti, the excitation energies of both states
are underestimated (2+1 energy by 150 keV and the 4
+
1
one by 240 keV). Since this nucleus is one of the furthest
extrapolation points with no data available previously,
it is interesting to study its sensitivity to modifications
of the interaction and the resulting impact on the cal-
culated structure of this region. Such modifications to
the LNPS effective interaction – based on available, in-
dependent data in this region – are underway and offer
the opportunity to assess the role of 60Ti. With an in-
crease of the d5/2 single-particle energy by 250 keV and
repulsion of g9/2, d5/2 monopole matrix elements by 200
keV, the description of the excitation energies of 60Ti im-
proves, with the 2+1 state calculated at 803 and the 4
+
1
level at 1609 keV. While these modifications increase the
small N = 40 gap at 60Ca by only 250 keV, they sig-
nificantly alter the nuclear structure of the region with
markedly changed 2p2h and 4p4h contributions to the
wave functions. In the original LNPS effective interac-
tion, the ground state and 2+1 state of
60Ti contain 27%
of 2p2h and 41% of 4p4h and 15% of 2p2h and 45% 4p4h
contributions, respectively. With the modifications that
improve the agreement for the 60Ti excitation energies,
these contributions change to 36% of 2p2h and 33% of
4p4h and 21% of 2p2h, 39% of 4p4h for the ground and
2+1 states, respectively. Confirmation of the size of the
N = 40 shell gap and of the role of multi-particle multi-
hole configurations beyond 60Ti will likely only come with
the next generation of experiments measuring properties
of nuclei even closer to 60Ca combined with advances in
nuclear theory such as improved effective shell-model in-
teractions built on those developed currently.
In summary, first structural information on 60Ti was
obtained by taking advantage of the spectral quality and
the γ-ray coincidence efficiency of GRETINA. The first
2+1 state of
60Ti, at an energy of 850(5) keV, is located at
almost twice the excitation energy of the corresponding
2+1 level in the N = 38 isotone
62Cr, herewith signaling
a steep decrease in collectivity with Z and yet another
sudden structural change near N = 40. For 58Ti, can-
5didates for the (4+1 ) and (6
+
1 ) levels are reported. The
data on 60Ti are consistent with a shell-model predic-
tion using the LNPS effective interaction which allows
for the largest neutron model space yet, while they dis-
agree with calculations restricted to the neutron fp shell.
The 60Ti excitation energies were shown to be sensitive
to the details of the effective interaction, with signifi-
cant impact on the particle-hole contents of the state’s
wave functions. This in turn drives the nuclear structure
in this region. With this, 60Ti represents an important
benchmark, being one of the most neutron-rich systems
from which to extrapolate towards 60Ca, a nucleus with
an intrinsic structure closely tied to the location of the
neutron drip line in the crucial semi-magic Ca isotopic
chain.
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